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Decay Spectroscopy of 160Eu: Quasiparticle Configurations of Excited States and
Structure of Kπ=4+ Band-heads in 160Gd
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Background: Detailed spectroscopy of neutron-rich, heavy, deformed nuclei is of broad interest
for nuclear astrophysics and nuclear structure. Nuclei in the r-process path and following freeze-out
region impact the resulting r-process abundance distribution, and the structure of nuclei midshell
in both proton and neutron number helps to understand the evolution of subshell gaps and large
deformation in these nuclei.
Purpose: To improve the understanding of the nuclear structure of 160Gd, specifically the Kπ=4+

bands, as well as study the β-decay of 160Eu into 160Gd.
Methods: High-statistics decay spectroscopy of 160Gd resulting from the β-decay of 160Eu was
collected using the GRIFFIN spectrometer at the TRIUMF-ISAC facility.
Results: Two new excited states and ten new transitions were observed in 160Gd. The β-decaying
half-lives of the low- and high-spin isomer in 160Eu were determined, and the low-spin state’s half-
life was measured to be t1/2 = 26.0(8) s, ∼16% shorter than previous measurements. Lifetimes

of the two Kπ=4+ band-heads in 160Gd were measured for the first time, as well as γ-γ angular
correlations and mixing ratios of intense transitions out of those band-heads.
Conclusions: Lifetimes and mixing ratios suggest that the hexadecapole phonon model of the
Kπ=4+ band-heads in 160Gd is preferred over a simple two-state strong mixing scenario, although
further theoretical calculations are needed to fully understand these states. Additionally, the 1999.0
keV state in 160Gd heavily populated in β-decay is shown to have positive parity, which raises
questions regarding the structure of the high-spin β-decaying state in 160Eu.
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I. INTRODUCTION

Studies of deformed midshell nuclei around A = 160
are of particular interest for nuclear astrophysics and
nuclear structure. The reaction flow of the rapid neu-
tron capture process (r-process) proceeds far from sta-
bility. However, nuclei close to stability are involved in
the “freeze-out” path that follows the r-process when the
nuclei decay back towards stability and can provide in-
sight into the formation of the “rare-earth peak” around
A = 165 resulting from the deformed shell gaps around
N = 98. A similar but less investigated abundance peak
is formed around A = 100 with deformed nuclei around
N = 70.

The nuclear structure of nuclei near both the N = 98
and Z = 60 deformed shell gaps is also of significant in-
terest. The study of the isotopic and isotonic evolution of
the deformation in this region may shed light on the sub-
shell structure in these heavy, deformed nuclei. The even-
N neutron-rich gadolinium isotopes (Z = 64) are some of
the most quadrupole-deformed nuclei in this region, with
160Gd being the most deformed at β2 = 0.35109(44) [1].

The structure of 160Gd (N = 96), while studied ex-
tensively via scattering and transfer reactions ([2], for
example) thanks to its proximity to stability, has until
recently not been thoroughly studied via β-decay popu-
lation from 160Eu. A recent study [3, 4] has significantly
expanded and improved on the conflicting level scheme
from nearly 40 years prior [5, 6] and discovered that there
are two β-decaying states in 160Eu. Their analysis as-
signed the ground-state as spin (5−) and the isomeric-
state at 93.0(12) keV as spin (1−).

Like the lighter even-even Gd nuclei 154−158Gd, 160Gd
exhibits two low-lying Kπ=4+ bands which have been
considered as hexadecapole phonons [7]. The Kπ=4+

bands in 160Gd have band-heads at 1070.8 keV and
1483.4 keV, and are strongly populated in the β-decay of
the Jπ=(5) β-decaying state of 160Eu. The lower Kπ=4+

band was further studied by Hartley et al. [8] via unsafe
Coulomb excitation, extending the rotational band built
on the 1070.8 keV 4+ state to Iπ = 18+. In that study,
an unusual alignment behavior was identified and inter-
preted as resulting from a quenching of static neutron
pairing with a predominant two-quasi-neutron configu-
ration. This observation is in tension with the apparent
two-neutron and two-proton quasiparticle configurations
present in the 4+ band-heads in 160Gd, and further stud-
ies of the underlying quasiparticle structure and potential
band mixing are warranted.

l Present address: Advanced Science Research Center, Japan
Atomic Energy Agency (JAEA), Tokai, Ibaraki 319-1995, Japan.

m Present address: Department of Physics and Astronomy, Univer-
sity of Notre Dame, Notre Dame, Indiana 46656, U.S.A.

n Present address: Department of Physics, Florida State Univer-
sity, Tallahassee, Florida 32306, U.S.A.

Here we report on the observation of γ-rays in 160Gd
following the β-decay of 160Eu. Newly observed transi-
tions and lifetimes of the two Kπ=4+ states are reported,
as well as γ-γ angular correlations for some of their de-
populating transitions which provide critical new insights
into the structure of and interplay between the Kπ=4+

bands in 160Gd. Lifetime and mixing ratio measurements
relating to the 1999.0 keV state in 160Gd also provide in-
sight into the structure of the parent 160Eu.

II. EXPERIMENT

The present work is part of an experimental campaign
using β-decay of 160−166Eu to study the nuclear structure
of 160−166Gd using the GRIFFIN spectrometer [9, 10] at
the TRIUMF-ISAC facility [11]. The cyclotron delivered
a 9.8 µA beam of 480 MeV protons onto a UCx target
at the ISAC target station. Products of the spallation
reactions diffused to the surface of the UCx target where
they are ionized and transported to experimental areas.

Crucial to the production of clean neutron-rich lan-
thanide beams is the ion guide laser ion source (IG-LIS)
[12]. The electrostatic repeller electrode between the tar-
get transfer line and laser ionization region used by IG-
LIS allows for rejection of surface-ionized species from
the target that would otherwise contaminate and over-
whelm the ions of interest in the beam. Neutral atoms,
including those of europium, proceed past the repeller
electrode and are then ionized via an element-selective
two-step resonant laser ionization. The isotope of in-
terest is selected via a high-resolution mass separator
(M/δM ≈ 2000) and delivered to the GRIFFIN facil-
ity. Without this suppression of contaminating ions and
the selective laser ionization with the IG-LIS, decay spec-
troscopy of neutron-rich europiums would be seriously
hampered at an ISOL-type facility.

The beam of 160Eug,m was delivered to the GRIFFIN
facility and implanted into a mylar tape at the center
of the detector array. A tape cycle of 10 s tape move
and background collection, 380 s of beam delivery, and
114 s of decay (no beam delivery) was used based on the
previously known half-life of t1/2 = 38(4) s [13]. The
moving tape collector removes the “contaminated” piece
of the tape from the implantation point to behind a lead
wall to reduce the background from longer-lived daughter
decays and allows to implant onto a clean piece of tape
during a new cycle.

The Zero Degree Scintillator (ZDS) and Pentagonal
Array for Conversion Electron Spectrometers (PACES)
detectors were installed inside the implantation vacuum
chamber. The ZDS is a 1 mm thick fast plastic scintilla-
tor located just behind the implantation point and is used
for β-tagging and coincident fast-timing measurements.
PACES is a conversion electron spectrometer consisting
of five cryogenically-cooled lithium-drifted silicon detec-
tors used for conversion electron spectroscopy following
the β-decay.
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FIG. 1. (Color online) Comparison of β-gated γ-ray spectra
for 160Eu β-decay data with laser ionization on and blocked.
Peaks with an asterisk (*) denote multiplets. Without laser
ionization, molecular contaminants of 141Ba19F and 144La16O
were present in the beam. The laser on/blocked spectra have
been scaled to have a comparable background level in this
figure.

Surrounding the vacuum chamber is the GRIFFIN
array, which consisted of 15 high-purity germanium
(HPGe) clover detectors with their front face a radial dis-
tance of 11 cm from the implantation point. Each HPGe
clover consists of four cryogenically-cooled large-volume
germanium crystals used for γ-ray detection. The abso-
lute efficiency of the 15 HPGe detectors in this setup was
approximately 31% at 100 keV and 10% at 1 MeV for the
single crystal mode as determined using standard 152Eu,
60Co, 56Co, and 133Ba sources. Additionally, there were
seven LaBr3(Ce) detectors surrounding the implantation
chamber. The LaBr3(Ce) detectors have their signals
processed by analog electronics and Time-to-Amplitude
Converters (TACs) to provide excellent timing resolution
and are used for fast-timing measurements to determine
the lifetimes of excited states in the ps to ns range. More
information on the GRIFFIN spectrometer and its com-
ponents can be found in Refs. [9, 10, 14].

Approximately 3.9 hours of 160Eug,m decay data was
collected with an intensity of ∼3000 pps while using laser
ionization. An additional 45 minutes of data was col-
lected with one laser ionization step blocked. By com-
paring spectra with laser ionization on and blocked, con-
taminants in the beam can be readily identified. Fig-
ure 1 compares spectra for both laser settings; with lasers
blocked, it can be seen that the beam is contaminated
with 141Ba and 144La. These species are transmitted
through the high-resolution mass separator as molecular
141Ba19F and 144La16O. Based on this observation, we
can clearly identify that the γ-rays observed in the laser-
ionized spectra are due to the 160Eu β-decays and not
contaminants.

The fitting of the number of detected β-particles in the
decay curve using the two measured half-lives of the β-
decaying states (see Sec. III C) yields the ratio of ground-
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FIG. 2. β-gated γ-ray spectra resulting from the β-decay of
160Eug,m. Most, but not all, major peaks have been labeled.
Peaks with an asterisk (*) are known multiplets. Single escape
peaks have been labeled with SE.

and isomeric-states in the 160Eu beam. Our analysis de-
termined that the composition of 160Eu in the beam con-
tained 70.7(3)% of high-spin state and 29.3(3)% of low-
spin state.

III. RESULTS

β-tagged γ-ray spectra from the β-decay of 160Eu are
shown in Fig. 2. Note that while the Q-value of the
ground-state β-decay is 4448.6(14) keV (+93.0(12) keV
for the isomeric-state) [3, 15], no γ-rays above 3 MeV
were observed. Our sensitivity limit for observation
of these high-energy transitions relative to the 173-keV
transition for the high-spin decay is Iγ,rel = 0.01% at
approximately 3 MeV.

Excited states previously identified in the β-decay
study of Ref. [3, 4] have been confirmed, and a majority
of the decaying transitions were observed. Additionally,
two previously unknown excited states (at Ex = 3090
and 3116 keV) and ten new transitions resulting from
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the high-spin decay were identified in this work. γ-ray
intensities were generally determined through γ-ray sin-
gles spectra, with some weak transitions or doublets de-
termined via γ-γ coincidences.

Note that because both the high- and low-spin β-
decaying states depopulate through the 2+ and 4+ mem-
bers of the ground-state band, it is difficult to determine
the respective β-feeding to them. While in most cases
only upper-bounds on β-feeding could be determined, no
evidence for direct β-feeding to the ground-state band
from the high-spin β-decaying isomer was observed. This
is consistent with the expectation given the high degree
of K-forbiddenness of these transitions.

The fraction of 173.2-keV transition associated with
the high-spin β-decay was determined by balancing the
transition intensity (γ+CE) into and out of the 4+ state
for all transitions coming from the high-spin β-decay.
The remaining intensity of the 173.2-keV transition was
then associated with the low-spin β-decay and used to de-
termine the β-feeding intensity to the 4+ member of the
ground-state band. The fraction of 75.3-keV transition
from the 2+ member of the ground-state band was deter-
mined in a similar way: the transition intensities for the
high-spin decay were balanced, and the remaining inten-
sity was assigned to the low-spin decay used for determin-
ing β-feeding from the low-spin β-decay to the 2+ state
in the ground-state band. It should be noted that these
set upper limits on the β-feeding to these states, as unob-
served γ-ray transitions from both the low- and high-spin
β-decays would decrease the calculated β-feeding inten-
sities into the 2+ and 4+ members of the ground-state
band.

The 988.9- and 1057.7-keV states are predominantly
populated by the low-spin β-decay, but the weak 81.5-,
115.5-, and 204.0-keV transitions that feed from states
populated by the high-spin β-decay into the 988.9- and
1057.7-keV states make it difficult to determine the γ-
ray intensity of transitions from these states. Similar
to above, we have assumed no direct β-feeding from the
high-spin parent to the 988.9-keV state because of its spin
of 2+. Intensities (γ-ray+conversion electron) for the
populating 81.5-keV transition and depopulating 913.6-
and 988.9-keV transitions were balanced to give Iβ = 0
to this state, and the remaining γ-ray intensities of the
913.6- and 988.9-keV transitions were assigned to the
low-spin β-decay. The same procedure was used for the
1057.7-keV state populated by the 115.5- and 204.0-keV
transitions and depopulated by the 809.0- and 932.4-keV
transitions.

In Refs. [3, 4], the 160Eu ground-state was assigned spin
(5−) and the isomeric-state at 93.0 keV spin (1−). Re-
sults from our analysis, discussed in detail in Sec. IV, sug-
gest that the high-spin β-decaying state in 160Eu is spin
Jπ = (5) and the low-spin β-decaying is spin (1), with no
determination as to which is the ground-state. For the
purpose of determining quantities such as log(ft) values
in this section, we have used both as being the ground-
state, as the difference between log(ft) values from the

ground-state versus the 93.0-keV isomeric-state are gen-
erally ∼1% or less.

TABLE I: Decay information for the high-spin β-decay of 160Eu.
γ-ray intensities are relative to the 173.2-keV transition. Liter-
ature values Iγ,lit are taken from Ref. [4].

Elevel Jπ Iβ log(ft) Eγ Iγ,rel Iγ,lit
(keV) (%) (keV)

75.3(2) 2+ - - 75.3(2) 22(1) 23.1(12)
248.4(3) 4+ - - 173.2(2) 100(4) 100(5)
514.8(3) 6+ - - 266.3(2) 18.3(5) 17.3(9)
868.2(4) 8+ - - 353.4(2) 2.70(9) -
988.9(2) 2+ - - 913.6(2) 1.23(7) -

988.9(2) 0.46(3) -
1057.7(3) 3+ - - 809.0(2) 0.24(2) -

982.4(2) 1.07(7) -
1070.8(3) 4+ 1(2) >7.0 81.5(2) 0.26(8) -

555.7(2) 0.98(5) 0.97(23)
822.2(2) 69(2) 66.1(33)
995.5(2) 43(1) 54.1(27)

1173.3(3) 5+ 0.4(5) >7.4 102.8(2) 5.3(2) 6.2(4)
115.5(2) 0.5(1) -
658.3(2) 3.46(9) 2.78(19)
924.9(2) 22.5(5) 20.7(11)

1261.3(3) 5+ 1.6(3) 7.12(1) 204.0(2) 0.60(5) -
746.4(2) 2.56(8) 3.08(20)
1012.8(2) 13.4(3) 13.5(7)

1295.5(3) (6+) 0.0(2) >7.9 224.9(2) 3.6(1) 4.07(24)
780.8(2) 2.12(7) 1.9(4)
1047.1(2) 1.4(3) 2.5(8)

1393.4(3) 6+ 0.2(1) 7.85(1) 878.4(2) 1.2(1) 1.1(4)
1144.9(2) 0.7(2) 1.5(9)

1437.5(4) 7+ 0.0(2) >7.8 264.2(2) 3.4(2) 2.1(3)
1483.4(3) 4+ 6(2) 6.40(1) 187.6(2) 3.1(1) 1.7(6)

309.9(2) 6.4(2) 6.4(4)
412.6(2) 88(2) 84.5(43)
968.5(2) 5.5(3) 3.9(5)
1235.0(2) 9.1(2) 11.3(6)

1548.5(5) 7+ 0.1(3) >7.5 680.2(2) 0.19(4) -
1033.7(3) 2.5(6) 2.66(18)

1581.9(4) 5+ 1.7(4) 6.88(1) 98.6(2) 1.23(7) 1.6(4)
286.2(2) 1.47(7) <0.25
408.5(2) 20.2(5) 17.9(9)

1698.8(4) (5,6) 0.06(5) 8.271) 1184.0(2) 1.21(5) 1.5(4)
1999.0(4) (6+) 63(2) 5.04(1) 300.2(2) 0.70(5) 0.49(20)

417.0(2) 18.3(5) 15.1(8)
450.4(2) 2.59(8) 2.0(4)
515.6(2) 89(2) 87.9(44)
605.7(2) 1.50(8) 2.2(5)
737.8(2) 13.2(3) 14.4(8)
825.7(2) 1.98(7) 1.96(18)
1484.0(2) 0.25(2) 0.56(26)

2253.1(4) (4, 5, 6) 2.31(9) 6.29(1) 769.7(2) 4.3(1) 4.20(25)
2344.7(4) (4, 5, 6) 2.8(1) 6.13(1) 646.2(2) 0.33(4) 0.25(13)

763.0(2) 4.3(1) 4.14(25)
1171.4(3) 0.46(7) -

2490.2(4) (5+, 6+) 9.2(4) 5.49(1) 490.7(2) 5.3(1) 5.1(3)
1006.8(2) 3.8(1) 3.55(22)
1052.6(2) 1.1(4) 0.85(12)
1194.4(2) 2.67(8) 0.25(9)
1316.8(2) 3.9(1) 3.20(20)

2560.0(4) (5+, 6+) 11.3(4) 5.34(1) 560.8(2) 8.6(2) 7.4(4)
1076.8(2) 3.8(1) 4.2(3)
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FIG. 3. (Color online) Level scheme of 160Gd resulting from the β-decay of the J=(5) high-spin β-decaying state in 160Eu.
Previously identified levels, transitions, and spin assignments are shown in black, with new or updated ones in red. Arrow
widths indicate relative γ-ray intensities.

TABLE I: (Continued.)

Elevel Jπ Iβ log(ft) Eγ Iγ,rel Iγ,lit
(keV) (%) (keV)

1122.6(2) 3.23(9) 0.70(8)
1264.5(2) 1.51(5) 1.18(16)
1386.6(2) 3.43(9) 3.1(4)

3090.1(4) (4, 5, 6) 0.16(2) 6.64(1) 1607.8(4) 0.02(2) -
2841.7(2) 0.27(2) -

3115.7(3) (4, 5, 6) 0.41(3) 6.20(1) 1632.8(4) 0.43(3) -
2044.9(2) 0.29(2) -
2867.7(5) 0.03(1) -

A. Excited States Populated by the J=(5)
β-decaying State

The γ-rays associated with the de-excitation of the
high-spin states in 160Gd were placed in the level scheme
as shown in Fig. 3. Decay information for levels and tran-
sitions from the high-spin β-decay are shown in Table I.
The γ-ray intensities were corrected for summing effects
using the method outlined in Ref. [9]. The β-feeding in-
tensities were determined by balancing transition inten-

sities populating and depopulating each state and were
normalized to 100% for both the high-spin and low-spin
β-decays. For states where the β-feeding intensity was
calculated to be less than 0, the intensity was set to 0
prior to normalization of the β-feeding intensities.

Conversion electron corrections were applied using
BrIcc V2.3 [16] for γ-rays below 600 keV with α > 0.01
when determining β-feeding intensities. For transitions
between states without firm spin assignments, the tran-
sition was assumed to be the lowest multipole – generally
M1 – for the purpose of conversion electron corrections.
Log(ft) values were calculated based on the β-feeding
intensities and the determined half-life of the β-decaying
state (see Sec. III C). For states where the β-feeding un-
certainty is equal to or larger than the intensity, lower
limits for the log(ft) values have been provided.

In the following, we highlight discrepancies and new
results compared with those published in Ref. [4].

1. 868.2 keV-state

We observe the 8+ member of the ground-state band
at 868.2 keV with its associated 353.4-keV depopulat-
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FIG. 4. β-γ-gated spectra showing the (a) 81.5 keV and (b)
115.5 keV γ-rays. These transitions connect the first Kπ=4+

band to the γ-band and are only observed in coincidence spec-
tra when gating on a depopulating transition.

ing transition. While this level and transition have been
known previously, this is the first observation of them
resulting from the β-decay of 160Eu.

2. 1070.8-keV state

Of interest is the first observation of a low-intensity,
low-energy γ-ray from this state into the γ-band. This
81.5 keV transition is only observed when gating from
below due to its weak intensity and location in an area
of high Compton background. The spectrum resulting
from a coincidence condition placed on the 913.6-keV γ-
ray transition can be seen in Fig. 4. From this spectrum,
a relative intensity of Iγ = 0.26(8) was determined. Al-
though this transition is highly converted (α = 7.314
[16]), the low γ-ray intensity and low conversion electron
detection efficiency resulted in no observed conversion
electron signal for this transition in PACES.

3. 1173.3-keV state

As with the 1070.8-keV state, we observed another
weak transition at 115.5 keV which connects the Kπ=4+

band and the γ-band. This transition can be observed
in the β-γ-gated spectrum in Fig. 4. As with the 81.5-

keV transition, no associated conversion electron was ob-
served, and a relative intensity of Iγ = 0.5(1) was deter-
mined.
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increase in photopeak area in clover sum mode is character-
istic of summed peaks. The 1778-keV peak in (c) is a single
escape peak (SE).

4. 1261.3-keV state

We observed a 204.0-keV transition depopulating this
state in addition to the 746.4- and 1012.8-keV γ-rays.

5. 1295.5-keV state

Our analysis cannot place the tentative 123-keV tran-
sition from this state seen in Ref. [4]. While we observed
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FIG. 6. Level scheme of 160Gd resulting from the β-decay of the J=(1) low-spin β-decaying state in 160Eu. No new excited
states or levels were observed, but some transitions are disputed and not included. Transition widths indicate γ-ray intensities.

a peak at this energy, its abnormal peak shape and lack
of coincidences with expected γ-rays in the level scheme
do not justify a placement.

6. 1483.4-keV state

We confirm six of the seven γ-rays depopulating this
level observed by Hartley et al. [4]. In our analysis, the
1408.1-keV peak placed as a depopulating γ-ray from this
level was determined to be due to summing effects from
the intense 412.6 – 995.5-keV cascade. When using the
clover-sum mode, where the energies of all four crystals
within a single HPGe clover for an event are summed,
peaks due to summing show a significant increase in area
compared to neighboring real photopeaks (Fig. 5). After
correcting for summing effects, the 1408.1-keV γ-ray was
determined to have a negative intensity – another indica-
tion that it is due to summing and not a real transition.
Ref. [4] used the clover-sum mode in their analysis, so
we speculate that their observation of this γ-ray is due
to summing of the intense transitions within the HPGe
clovers.

7. 1548.5-keV state

Hartley et al. [4] place a 286.9-keV γ-ray as depopu-
lating this state. Our analysis cannot confirm the place-
ment of this γ-ray as a depopulating transition from the
1548.5-keV state. However, we do observe a 680.2-keV γ-
ray from this state that populates the known 8+ member
of the ground-state band at an energy of 868.2 keV.

8. 1698.8-keV state

We did not observe the tentative 215-keV γ-ray from
this state feeding the 1483.4-keV state as published in
Ref. [4].

9. 1999.0-keV state

We observe eight of the ten previously-observed decay-
ing γ-rays from this state. The 928.0- and 1750.2-keV
γ-rays observed by Ref. [4] were determined to be due to
clover summing effects rather than true photopeaks. The
increase in peak area associated with summing using the
clover sum mode can be seen from Fig. 5. As with the
1408.1-keV γ-ray, the intensities for both the 928.0- and
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1750.2-keV γ-rays were determined to be less than 0%
after summing corrections were applied.

The spin of this state was assigned (5−) in Refs. [3,
4]. Our analysis, however, assigns a spin of (6+). A
detailed justification of this spin assignment can be found
in Sec. IV.

10. 2344.7-keV state

We confirm the tentatively-placed 646-keV γ-ray [4]
depopulating this level, as well as a 1171.4-keV γ-ray.
Based on the decay pattern, the spin is likely (4, 5, 6).

11. 3090.1-keV state

Our analysis reveals a new level at 3090.1-keV with two
depopulating γ-rays of 1607.8- and 2841.7-keV. The state
is likely of spin 4, 5, or 6 given its transitions to two 4+

states and the spin(5) assignment of the high-spin parent
in 160Eu.

12. 3115.7-keV state

Another new state at 3115.7 keV was observed. Three
new γ-rays of energies 1632.8, 2044.9, and 2867.7 keV are
depopulating this level. As with the 3090.1-keV state,
the only γ-rays that decay from this level are seen to
populate 4+ states, so it is likely of spin 4, 5, or 6.

B. Excited States Populated by the J=(1)
β-decaying State

Our analysis confirms all levels published by Hartley
et al. [4] and the majority of the associated γ-rays; dis-
crepancies in the presence of transitions are listed below.
While our analysis largely agrees with the placement of
transitions, some γ-ray intensities vary between our anal-
ysis and that of Ref. [4]. Branching ratios of the de-
populating γ-rays are generally consistent with previous
literature values.

The respective decay information is shown in Table II
and the level scheme in Fig. 6. As with the high-spin
β-decay, β-intensities are normalized to the low-spin β-
decay, and excited-states with a β-feeding intensity less
than 0 were set to 0 prior to the β-feeding normalization.
Because we were unable to determine the β-feeding di-
rect to the ground-state, β-feeding intensities should be
treated as upper limits, and no log(ft) values are pro-
vided.

TABLE II: Decay information for the low-spin β-decay of
160Eu. β-feeding intensities are normalized to the low-spin
states only. γ-ray intensities are relative to the 2464.-keV
transition. Literature values are taken from Ref. [4].

Elevel Jπ Iβ Eγ Iγ,rel Iγ,lit
(keV) (%) (keV)

0 0+ - - - -
75.3(2) 2+ 50(9) 75.3(2) 212(14) -
248.4(3) 4+ 3(3) 173.2(2) 128(36) -
988.9(2) 2+ 2.2(3) 913.6(2) 66(1) 26.07(48)

988.9(2) 24(1) 26.81(52)
1057.7(3) 3+ 0.0(4) 809.0(2) 6.2(8) 8.04(37)

982.4(2) 28(1) 37.96(56)
1224.7(2) 1− 0.0(4) 1149.5(2) 66(2) 77.22(56)

1224.7(2) 27(4) 49.44(63)
1290.2(3) 3− 0.0(3) 1041.6(2) 23.1(8) 19.04(44)

1214.9(2) 32(2) 32.80(150)
1351.6(2) 1− 0.6(3) 1276.4(2) 65(2) 35.20(160)

1351.6(2) 13.4(6) 6.30(30)
1377.2(3) (2+) 2.0(4) 1302.0(2) 99(7) 83.30(110)
1436.6(2) 2+ 2.2(3) 1188.3(2) 43(1) 45.04(59)

1361.5(2) 15.3(6) 17.74(41)
1436.6(2) 6.6(4) 2.85(15)

1464.2(3) (3−) 0.0(2) 1215.7(2) 16(1) 26.10(120)
1389.0(2) 10.6(5) 16.74(37)

1608.7(3) 0.30(5) 384.0(2) 9.8(7) 9.19(37)
1657.5(3) (1−, 2) 0.55(7) 367.2(2) 7.5(6) 8.67(37)

432.8(2) 7.7(6) 9.12(59)
1887.0(3) (1, 2) 1.3(1) 1811.7(2) 26.4(8) 24.26(44)
1932.1(2) 2+ 1.6(2) 874.8(2) 7(1) 5.85(37)

943.4(2) 3.6(5) 2.93(26)
1683.4(2) 5.8(3) 7.67(30)
1856.9(2) 12.0(4) 11.78(33)
1932.1(2) 4.0(3) 4.26(26)

1966.6(3) 2+ 1.0(2) 908.5(2) 2.7(4) 3.85(37)
977.5(2) 9(3) 2.15(19)
1717.4(2) 1.4(2) 2.00(19)
1891.4(2) 3.5(3) 2.19(19)
1966.6(3) 2.1(3) 6.26(30)

2243.5(3) (1, 2) 1.4(2) 866.0(2) 21(1) 0.41(7)
891.8(2) 5(1) 1.04(11)
1018.8(2) 1.8(4) 2.78(26)

2277.7(2) 1 3.6(4) 841.7(2) 17(4) 1.41(15)
2202.5(2) 34(1) 15.26(41)
2277.7(2) 19.7(7) 20.70(44)

2284.3(3) (1+, 2) 1.1(2) 1060.6(2) 5(2) 1.04(11)
1227.3(2) 8(3) 0.81(11)
1295.4(2) 7.3(6) 1.70(19)

2316.7(3) (1, 2) 0.07(1) 1327.8(2) 1.4(3) 1.56(19)
2328.1(3) (1+, 2) 1.1(1) 976.7(3) 4(1) 1.15(11)

1270.4(2) 7.6(4) 9.19(33)
1339.2(2) 11.4(6) 13.74(37)

2333.6(2) (1, 2+) 2.2(2) 897.6(2) 1.9(8) 0.74(7)
1109.5(2) 3.1(5) 3.67(37)
1344.8(2) 1.4(4) 1.11(15)
2333.6(2) 38(1) 0.15(4)

2362.9(3) (1+, 2) 4.5(5) 985.8(3) 3.1(8) 0.81(11)
1138.7(2) 12(1) 11.33(37)
1305.1(2) 22(6) 5.67(37)
1373.9(4) 6(2) 0.67(7)
2287.6(2) 47(1) 44.78(63)

2386.3(3) (1, 2) 0.35(5) 1034.6(2) 1.9(8) 2.63(19)
1161.6(2) 5.1(5) 5.26(37)
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TABLE II: (Continued.)

Elevel Jπ Iβ Eγ Iγ,rel Iγ,lit
(keV) (%) (keV)

2433.6(3) (1−, 2+) 4.1(4) 969.1(2) 26(3) 3.33(22)
1056.3(2) 6(1) 4.60(45)
1081.6(2) 8(2) 1.80(19)
1143.3(2) 21(1) 20.81(44)
1208.9(2) 11.9(7) 8.07(33)
2357.8(2) 9.5(4) 11.78(33)

2464.8(2) (1−) 9.3(8) 807.0(2) 4.8(8) 1.85(15)
855.7(2) 4.1(5) 4.48(30)
1028.3(3) 1.3(5) 0.96(7)
1087.8(2) 25(1) 18.89(44)
1113.6(2) 27(1) 14.59(44)
1240.4(2) 20(5) 22.60(160)
1475.1(4) 1.4(3) 1.22(7)
2389.6(2) 5.0(6) 6.63(26)
2464.8(2) 100(3) 100(11)

2471.8(2) 1− 0.25(4) 2396.2(2) 3.4(7) 1.41(11)
2471.8(2) 1.7(3) 4.85(22)

2510.8(4) (1, 2−) 2.8(3) 1047.3(2) 18(3) 7.70(44)
1159.8(2) 11(3) 2.63(19)
1286.8(2) 14.1(6) 15.33(37)
1523.0(2) 4.1(3) 1.44(15)
2435.5(4) 9.9(8) 10.37(33)

2517.4(3) (2) 1.9(3) 1052.7(2) 11(5) 11.11(41)
1165.6(2) 3.1(4) 5.11(52)
1227.6(2) 10(2) 4.56(48)
1292.7(2) 4.9(7) 9.33(74)
1460.1(2) 9(1) 4.22(37)

2529.8(3) (1−, 2) 1.7(3) 1154.1(2) 2.0(6) 0.85(11)
1179.1(2) 5.4(5) 2.81(19)
1240.1(2) 16(4) 12.59(74)
1305.9(2) 10(3) 1.89(15)

1. 1224.7-keV state

We cannot confirm the placement of the 235.8-keV γ-
ray depopulating this level.

2. 1377.2-keV state

Our analysis observes a single γ-ray at 1302.0-keV de-
populating this level. We are unable to confirm the 319.3-
and 1128.3-keV transitions depopulating this state.

3. 1887.0-keV state

We confirm the 1887.0 level and the associated 1811.7-
keV transition. We do not observe the 898.2-keV γ-ray
associated with this level.

4. 2277.7-keV state

We do not see the depopulating 1288.9-keV transition
from this state, but we can confirm the other three pub-
lished transitions (841.7, 2202.5, and 2277.7 keV).

5. 2333.6-keV state

Four of the five transitions from this state were con-
firmed; only the 982.5-keV transition cannot be confi-
dently placed here.

Ref. [4] lists the intensity of the 2333.6-keV transition
at 0.15% relative to the 2464.8-keV transition. We ob-
serve it at a relative intensity of 38%. The inset of Fig. 2
in Ref. [4] shows the 2333.6-keV γ-ray at a significant
fraction of the intensity of the 2464.8-keV γ-ray, leading
us to conclude that the relative intensity of the 2333.6-
keV γ-ray reported in Table III of Ref. [4] to be an error.

6. 2362.9-keV state

Our analysis was unable to place the 898.4-keV transi-
tion published in Hartley et al. [4] originating from this
state. All six other transitions depopulating this state
can be confirmed.

7. 2433.6-keV state

We were unable to place the 2432.9-keV ground-state
transition seen by Hartley et al. [4].

C. Half-lives of 160Eug,m

The half-lives of the two known β-decaying states in
160Eu were determined by examining the time distribu-
tion of β-gated γ-rays associated with states in 160Gd
populated by the two different spin states in the parent
nucleus. For each state, the decay portion of the beam
cycle was fit with an exponential and the half-life ex-
tracted from the fit. The time distribution histograms
are shown in Fig. 7.

1. High-spin isomer

The high-spin J=(5) β-decaying isomer in the parent
160Eu predominately feeds the 1999.0-keV state in 160Gd.
The time distribution of γ-rays associated with the de-
population were summed together; 21 γ-rays (309.9,
412.6, 450.4, 490.7, 515.6, 555.7, 560.8, 737.8, 746.4,
780.8, 822.2, 924.9, 995.5, 1006.8, 1012.8, 1076.8, 1122.6,
1194.4, 1235.0, 1264.5, and 1316.8 keV) were used to fit
the decay curve and extract a half-life (top histogram
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in Fig. 7). The resulting half-life of the high-spin state
was determined to be t1/2 = 42.5(7) s. This is in very
good agreement with the previously measured half-life of
t1/2 = 42.6(5) s using the 412.6, 515.6, 822.2, and 995.5
keV γ-rays [3].

2. Low-spin isomer

The decay of the low-spin β-decaying J=(1) state in
160Eu is highly fragmented and feeds states of spins Jπ=
1, 2, and 3. The time distribution of γ-rays for excited
states in the daughter populated via the low-spin state
β-decay were added together to create the lower spec-
trum in Fig. 7. The γ-rays used were the 1087.8, 1113.6,
1149.5, 1188.3, 1208.9, 1226 (triplet), 1240 (doublet),
1276.4, 1303 (triplet), 1351.6, 1683.4, 1811.7, 1856.9,
2277.7, 2287.6, 2333.3, 2357.8, 2389.6, 2396.2, 2435.5,
2464.8, and 2471.8-keV transitions. The doublet and
triplet peaks contain multiple photopeaks in them, but
all transitions within the multiplets are associated with
the low-spin decay of 160Eu. The extracted half-life from
these γ-rays was t1/2 = 26.0(8) s. This is approximately 5
seconds shorter than the half-life of t1/2 = 30.8(5) s from
Ref. [3], which used the transitions at 1276.4, 1351.6,
2277.7, 2333.3, and 2464.8 keV.

While our analysis used more γ-rays to determine the
half-life in Fig. 7 than were used in Ref. [3], we also mea-
sured the half-life using only the five γ-rays used in Hart-
ley et al. [3]. The results obtained via this method were
consistent with our measured half-life of t1/2 = 26.0(8)
s for this β-decay. A “chop analysis” was performed by
systematically varying the first and last channel of the
time distribution spectra used for the half-life fit, but no
significant dependence on the range of the fit was found
in the extracted half-life. Thus, we have no explanation
for the discrepancy in the measured half-lives for this β-
decay. However, the agreement between our measured
half-life and that of Hartley et al. [3] for the high-spin
decay suggests that the discrepancy for this half-life is
not due to systematic effects.

One may wonder if the half-life of the low-spin β-decay
was impacted by contamination of 160Sm (t1/2 = 10.1(11)

s [17]) which populates 160Eu. Overlap of one of the
transitions listed above with a strong β-delayed γ-ray in
160Eu of the same energy may shorten the half-life mea-
sured. An analysis of the time distribution of individual
γ-rays did not indicate that any of the previously-listed
γ-rays have a significantly-shorter half-life and thus are
doublets with transitions in 160Eu. Furthermore, the use
of an element-selective laser ionization scheme would not
incidentally ionize Sm, and the use of the IG-LIS source
significantly suppressed any surface-ionized species from
the ISAC target, including Sm. Thus, we conclude that
that the shorter half-life measured here is not due to con-
taminant 160Sm in the beam.
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FIG. 7. Time distributions of γ-rays associated with the β-
decay of 160Eu. The top spectrum shows γ-rays resulting from
the high-spin β-decay and gives a half-life of t1/2 = 42.5(7) s,
while the bottom spectrum shows the γ-rays associated with
the low-spin decay and has a half-life of t1/2 = 26.0(8) s.

D. Lifetimes of Excited States in 160Gd

Using the LaBr3(Ce) detectors and the ZDS fast plastic
scintillator, we were able to perform first measurements
of the lifetime of a number of excited states which are
populated in the decay of the high-spin state. Prior to
this work, lifetime measurements in 160Gd have only been
completed using Doppler-shift methods, which are gen-
erally only sensitive to lifetimes in the sub-picosecond
range; few lifetimes in the picosecond to nanosecond
range have been reported.

Our measurements of excited states use two different
techniques, both of which are sensitive to lifetimes in
the tens of picoseconds or longer range: γ-γ fast-timing
using both the convolution fit method and the General
Centroid Difference Method (GCDM), and the β-γ-γ Ad-
vanced Time Delayed (ATD) technique using the sequen-
tial and parallel transition methods. The convolution fit
method and GCDM are both described in Ref. [9], and
an example of them applied to GRIFFIN data can be
found in Ref. [18]. The ATD methods are described in
Ref. [19].

A summary of the lifetimes measured via this analysis
is shown in Table III.

1. 1070.8-keV state

The 1070.8-keV state exhibits a lifetime of the order
of nanoseconds; thus, the lifetime of this state can be
extracted via a fit of TAC spectra with the convolution
of a Gaussian and exponential decay. Because this state
has two strong depopulating transitions – the 822.2- and
995.5-keV γ-rays – the lifetime can be measured via both,
the 412.6 – 822.2 and 412.6 – 995.5-keV cascades.

The 412.6 – 822.2-keV cascade resulted in a lifetime of
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τ = 1620(180) ps, while the 412.6 – 995.5 keV cascade
gave a lifetime of τ = 1630(180) ps. We adopt a lifetime
of τ = 1.63(13) ns for this state, which is the average of
the two measurements.
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FIG. 8. (Color online) TAC spectra for the 1070.8-keV state.
The 412.6 – 822.2-keV cascade and fit are shown in blue, and
the 412.6 – 995.5-keV cascade and fit in red. The adopted
lifetime for this state from these two fits is τ = 1630(130) ps.

2. 1483.4-keV state

The lifetime of the 1483.4-keV state can be measured
via the intense 515.6 – 412.6-keV cascade. Because the
lifetime of the 1483.4-keV state is sufficiently short, we
were required to use the GCDM technique to measure
its lifetime. After determining the centroid difference
(∆C = 218(34) ps) and corrections for the time-walk
of the setup (PRD= 23(28) ps), we measured a lifetime
of τ = 97(22) ps for the state. The associated TAC
spectrum is shown in Fig. 9.

3. 1581.9-keV state

The lifetime of the 1581.9-keV state was measured
with β-γ-γ timing using the sequential transition method.
HPGe and LaBr3(Ce) gates were placed on the 417.0- and
408.5-keV transitions, and the centroid locations for each
TAC spectra were subtracted to determine the lifetime
of the 1581.9 keV state. In this analysis, we have as-
sumed that the prompt time response of the 408.5-keV
and 417.0-keV γ-rays in the LaBr3(Ce) detectors was the
same due to their similar energy.

After corrections for the Compton background contri-
bution, the lifetime of the 1581.9-keV state was measured
to be τ = 160(20) ps. The TAC spectra for each gate is
shown in Fig. 10.

A consequence of this lifetime measurement is a con-
straint on the mixing ratio of the 98.6-keV transition.
If the 98.6-keV transition were pure E2 multipolarity,
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FIG. 9. (Color online) TAC spectra for the 1483.4-keV state
using γ-γ timing. The normal gate with the TAC started by
the populating 515.6-keV transition and stopped by the de-
populating 412.6-keV transition is shown in blue; the antigate
(412.6-keV transition as start and 515.6-keV as stop) is shown
in red. The resulting lifetime is τ = 97(22) ps.
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FIG. 10. (Color online) TAC spectrum for the 1581.9-keV
state. The TAC is started via the β-particle and stopped in
the LaBr3(Ce) detector, with the HPGe gate used to select
the cascade. From this, a lifetime for the 1581.9-keV state of
τ = 160(20) ps is deduced.

it would have a reduced transition rate of B(E2)≈2100
W.u., substantially above any reasonable value in this
mass region. Taking an upper-bound of B(E2)<300 W.u.
for the 98.6-keV transition gives |δ| < 0.41 for this tran-
sition.

4. 1999.0-keV state

Because the 1999.0-keV state is heavily populated via
β-decay, there are insufficient statistics available to mea-
sure the lifetime directly via γ-γ fast-timing in this anal-
ysis. However, we were able to set an upper limit on the
lifetime of this state using β-γ-γ timing.

We utilized the β-γ-γ parallel transition method orig-
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FIG. 11. (Color online) TAC spectrum for the 1999.0-keV
state using the β-γ parallel transitions timing method. The
TAC is started by the β-particle and stopped by a detection of
a 412.6-keV γ-ray in the LaBr3(Ce) detector. The HPGe gate
is used to select the cascade of interest. We see no significant
shift from prompt of the TAC spectra, indicating an upper
limit on the lifetime of τ < 100 ps.

inating from both the 2490.2- and 2560.8-keV states.
The TAC is started by detection of the β-particle and
stopped with the detection of the 412.6-keV γ-ray in the
LaBr3(Ce) detectors. The HPGe gate is used to select
a cascade that runs through the 1999.0-keV state and a
cascade that bypasses it. Because both cascades start
at the same level and stop with the same γ-ray in the
LaBr3(Ce) detectors, the prompt time response of the
LaBr3(Ce) detectors is the same in both cases. Subtract-
ing the centroid locations from each then directly gives
the lifetime of the intermediate 1999.0-keV state.

The parallel cascade pair for the 2490.2-keV state are
the 490.7- and 1006.8-keV γ-rays, and for the 2560.8-keV
state the γ-rays are 560.8- and 1076.8-keV. In both cases,
no significant lifetime is seen for the 1999.0-keV state.
Based on our timing sensitivity, we set a conservative
upper limit on the lifetime of the 1999.0-keV state at
τ < 100 ps. The TAC spectra for the parallel method
using the γ-rays from the 2490.2-keV state are shown in
Fig. 11.

TABLE III: Measured lifetimes in 160Gd
from γ-γ and β-γ-γ fast-timing analysis.

State Energy (keV) Lifetime (ps) Method
1070.8 1630(130) γ-γ
1483.4 97(22) γ-γ
1581.9 160(20) β-γ-γ
1999.0 <100 β-γ-γ

E. γ-γ Angular Correlations

γ-γ angular correlations were performed on the most
intense cascades present in 160Gd using the “Method 4”
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FIG. 12. Angular correlation for the 822.2 – 173.2-keV cas-
cade. The best-fit parameters are a2 = −0.10(1) and a4 =
0.10(2) with a reduced chi-squared for the fit of χ2/ν = 0.93.

procedure outlined in Ref. [20] which uses pre-calculated
attenuation coefficients for the angular correlation Z-
distributions. The normalized counts vs. cos(θ) graph is
fitted with a linear combination of even Legendre polyno-
mials and the angular correlation coefficients extracted.
Normalization of the counts for each angle was performed
using the “event-mixing” technique outlined in Ref. [20].

To verify the method for this experiment, the γ-γ an-
gular correlation analysis was performed on data from
the 778.9 – 344.3-keV 3− → 2+ → 0+ cascade in 152Gd
taken from a 152Eu source run used for post-experiment
calibrations. The extracted a2 and a4 angular correlation
parameters for this cascade were consistent with litera-
ture values.

A summary of the γ-γ angular correlation fit param-
eters and resulting transition mixing ratios is shown in
Table IV. Reduced transition rates for transitions from
the 1070.8, 1483.4, 1581.9, and 1999.0 keV states based
on measured lifetimes and mixing ratios are shown in
Table V.

1. 822.2 – 173.2-keV Cascade

Angular correlations were performed for the 822.2 –
173.2 keV cascade with the initial γ-ray depopulating
the 1070.8-keV state. The resulting angular correlation
graph is shown in Fig. 12. With χ2/ν = 0.93, the
best-fit results indicate angular correlation coefficients of
a2 = −0.10(1) and a4 = 0.10(2) for this 4+ → 4+ → 2+

cascade.
Based on the angular correlations, the possible mix-

ing ratios for the 822.2-keV transition (δ) are shown in
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FIG. 13. (Color online) χ2/ν versus atan(δ) for the 822.2-keV
γ-ray using the 822.2 – 173.2-keV 4+ → 4+ → 2+ cascade.
The mixing ratio of the 173.2-keV γ-ray was fixed at δ = 0.
See text for more details.

Fig. 13. The 4+ → 2+ 173.2-keV transition’s mixing ra-
tio was fixed at δ = 0 as it can be assumed to be pure E2.
From the analysis, the most likely mixing ratios for the
822.2-keV transition are δ = 0.94+9

−8 with χ2/ν = 0.92

and δ = −8.1+2
−183 with χ2/ν = 1.00. The uncertainty on

the mixing ratio corresponds to the values of the mixing
ratio minimization associated with ∆χ2 = +1.

These values contrast with the mixing ratio measured
in Ref. [2] of δ822 = −0.71(3). That measurement was
done via the (n, n′γ) inelastic scattering reaction and
used used γ-ray singles spectra collected at seven angles
to determine the γ-ray angular distribution. The data
presented here, in contrast, arise from γ–γ coincidences.
Additionally, GRIFFIN uses 52 angular data points for
the angular correlation. Thus, we deem the current anal-
ysis to provide a more reliable result that measured in
Ref. [2].

2. 515.6 – 412.6-keV Cascade

Figure 14 shows the angular correlation plot for the
515.6 – 412.6-keV cascade originating from the 1999.0-
keV state. The best-fit correlation gives values of a2 =
0.20(1), a4 = 0.03(2), and χ2/ν = 0.62.

Fig. 15 shows the possible mixing ratio combinations
for the 515.6-keV (δ516) and 412.6-keV (δ413) transitions
based on the 515.6 – 412.6-keV cascade and under the
assumption that the spin of the 1999.0 keV state is
Jπ = 6+, which is discussed in detail in Sec. IV. The
red contours in Fig. 15 denote χ2/ν values at the 99%
confidence level (CL), with yellow regions having χ2/ν
values above the 99% CL. Four regions of possible mix-
ing ratio combinations appear in Fig. 15(a).

The angular correlation alone cannot constrain the
mixing ratios of these transitions. However, based on the
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FIG. 14. Angular correlation for the 515.6 – 412.6-keV cas-
cade. The best-fit parameters are a2 = 0.20(1) and a4 =
0.03(2) with a reduced χ2 for the fit of χ2/ν = 0.62.

measured lifetime of the 1999.0-keV state of τ < 100 ps
(Sec. III D), the mixing ratio of the 515.6-keV transition
can be constrained to |δ| < 3.6×10−4. A detailed discus-
sion of this constraint can be found in Sec. IV A. With
this constraint, a 1-D minimization of the mixing ratio of
the 412.6-keV transition (Fig. 15(b)) yields δ = 0.41(10).

TABLE IV: γ-γ angular correlation parameters and asso-
ciated best-fit mixing ratios for intense cascades in 160Gd.

γ1-γ2 a2 a4 δ1 δ2
822-173 -0.10(1) 0.10(2) −8.1+2

−183
a 0 b

4+-4+-2+ 0.94+9
−8

a 0 b

516-413 0.20(1) 0.03(2) |δ1| < 3.6× 10−4 0.41(10)
(6+)-4+-4+

a δlit = −0.71(3) [2].
b δ2 fixed at 0.

IV. DISCUSSION

A. 1999.0-keV State Configuration

The dominant high-spin isomeric β-decay of 160Eu pro-
ceeds to the state at 1999.0 keV. Ref. [3] assigns this state
as 5− with a configuration of π2(5/2[413], 5/2[532]) based
on the proposed π5/2[413] ⊗ ν5/2[523] configuration for
the 5− ground-state of the parent 160Eu, the observed
log(ft) value of 5.1, and deformed Woods-Saxon calcula-
tions.

It is interesting to note, as also discussed in Ref. [4],
that based on the above assignment, one would expect
an allowed decay to a Kπ = 6− state, based on the
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FIG. 15. (Color online) (a) Mixing ratio combinations for
the 515.6- and 412.6-keV transitions based on the 515.6 –
412.6-keV (6+) → 4+ → 4+ angular correlation. The red
contours denote mixing ratio combinations where the reduced
χ2 is at the 99% confidence level (CL), with regions in yellow
indicating mixing ratio combinations above the 99% CL. (b)
χ2/ν versus atan(δ) for the 412.6-keV γ-ray based on a mixing
ratio of the 515.6-keV transition of δ = 0 (see text for details).
The minimized mixing ratio occurs at δ = 0.41(10).

π2(5/2[413], 7/2[523]) configuration, with a log(ft) value
of ∼4.8 for the ν5/2[523]→ π7/2[523] transition [21, 22],
for which no candidates have been proposed.

The observation of the 450.4-keV transition from the
1999.0-keV state to the 1548.5-keV 7+ member of the
γ-band is curious as already pointed out in Ref. [4]. If
the 1999.0 keV state is indeed a 5− state, this transi-
tion would be of M2 nature. Hartley et al. stated that
no measurable extended lifetime was observed for the
1999.0-keV state but did not quote an upper limit. Also
at the time of that publication, the 7+ assignment for
the 1548.5-keV state was tentative, but in their recent
publication using Coulomb excitation of 160Gd [8], this
state was firmly established as a member of the γ-band.

Our analysis set an upper limit of τ < 100 ps on
the lifetime of the 1999.0-keV state based on β-γ-γ fast-
timing as discussed in Sec. III D. This contrasts with the

expected long lifetime described in Ref. [4] and casts
doubt on the 5− assignment for the 1999.0-keV state.
Based on the γ-decay patterns from this state, it is ex-
pected to have spin 4±, 5± or 6±. We examine each
possibility below:

A 4± assignment can be ruled out based on the decay
to the 7+ state, as that would require an L = 3 transition
with a reduced transition rate on the order of 1000’s of
W.u. A 5− assignment, as suggested by Hartley et al.
[3, 4], would make the 450.4-keV transition M2 in nature
with B(M2) > 15 W.u. Data on M2 transitions in this
region is scarce, but Ref. [23] notes that in the A = 91−
150 region, no M2 transitions of strength greater than 1
W.u. have been observed. Alternatively, a 6− assignment
similarly makes the intense 515.6-keV transition M2 in
nature, with a pure M2 transition strength of B(M2) >
280 W.u. One may wonder if these transitions may be
mixed M2/E3; however, a mixing ratio that brings the
M2 component in line with observed values (< 1 W.u.)
then leads to an E3 component with strength of 1000’s
of W.u. From this, the 4±, 5−, and 6− spin assignments
are all eliminated for the 1999.0-keV state.

In contrast, for a spin assignment of 5+ or 6+, all
transitions from the 1999.0-keV state would be M1 and
E2 in character. Reduced transition rates for these
transitions depend on the spin assignment and mixing
ratio of the transitions, but they are on the order of
B(M1) ≈ 10−5 − 10−3 W.u. and B(E2) ≈ 0.1 − 10
W.u. These match well with known transitions rates in
the nearby A = 91− 150 mass region [23].

Thus, based purely on the experimental lifetime limit
and observed transitions to states with well established
spin and parity assignments, the 1999.0 keV is most likely
a 5+ or 6+ state.

Further insight on the most plausible spin and par-
ity for the 1999.0-keV state can be gained by consid-
ering the possible Nilsson configurations for 5+ or 6+

states at this energy. In this region, there are several
available two-quasiproton configurations that can cre-
ate spin 5+ and 6+. A 5+ state can be formed by
the π2(7/2[523], 3/2[541]) configuration. However, the
π3/2[541] orbital lies well below the Fermi surface at the
known (ground-state) deformation β2 ≈ 0.35 for this nu-
cleus [1]. Access to the π3/2[541] orbital would require
the deformation of this excited state to be significantly
lower (β2 ≈ 0.1) than the known deformation of the
ground-state of 160Gd. A 6+ state can be formed by the
π2(5/2[413], 7/2[404]) and π2(7/2[523], 5/2[532]) configu-
rations. The π2(5/2[413], 7/2[404) 6+ state is calculated
to be at 2.5 MeV [4] but cannot be populated by an
allowed-unhindered β-decay from 160Eu. This leaves the
π2(7/2[523], 5/2[532]) 6+ state. Recent self-consistent
Deformed Hartree-Fock and Angular Momentum Pro-
jection calculations for heavier Gd isotopes [24] predict
the π2(7/2[523], 5/2[532]) 6+ state in 164,166,168Gd at ∼2
MeV, which makes it plausible to assume that the 1999.0
keV state in 160Gd might indeed be a 6+ state associated
with the π2(7/2[523], 5/2[532]) configuration.
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One consequence of this spin assignment is a significant
constraint on the mixing ratio of the 515.6-keV transition
(and thus the 412.6-keV transition that follows it). With
the Jπ=(6+) spin assignment for the 1999.0-keV state,
the 515.6-keV transition depopulating it is E2/M3 in
character. Based on the lifetime limit of the 1999.0-keV
state at τ < 100 ps (see Sec. III D), the 515.6-keV tran-
sition must be essentially pure E2. As previously men-
tioned, γ-ray strength in this region are not well doc-
umented, but in the A = 91 − 150 region, no B(M3)
values above 10 W.u. have been observed [23]. In or-
der for the M3 component of the 515.6-keV transition to
have B(M3) < 10 W.u., the mixing ratio of the transition
must be |δ| < 3.6 × 10−4, which gives a M3 branching
ratio of ∼ 10−7; hereafter assumed to pure E2 transition.

With the mixing ratio of the 515.6 keV γ-ray fixed at
δ = 0, a minimization of the second γ-ray in the cascade
(412.6 keV) can occur. The minimized mixing ratio plot
is shown in Fig. 15, with a best-fit mixing ratio for the
412.6 keV transition occurring at δ = 0.41(10). This
minimized value is independent of the choice of mixing
ratio for the 515.6 keV transition for |δ| < 3.6× 10−4.

This understanding of the Nilsson orbital structure of
the 1999.0-keV state is an important observation in the
context of the discussion of the two Kπ=4+, 4+ states at
1070.8 keV and 1483.4 keV. If, as discussed in more detail
later in this section, these two states have very similar
quasiparticle configurations and the decay of the 1999.0-
keV state to the 1483.4 keV 4+ state were an allowed E1
transition between the π5/2[532] and π3/2[411] orbitals,
as suggested in Ref. [3, 4], one naturally would expect
to observe a decay of the 1999.0-keV state to the 1070.8-
keV 4+ state that is favored over the decay to the 1483.4-
keV 4+ state. However, in this work, no such decay is
observed. In fact, the transition between the π5/2[532]
and π3/2[411] orbitals involves ∆nz = 2 and is forbidden.
The non-observation of a transition from the 1999.0-keV
6+ state to the 1070.8-keV 4+ state may suggest that
the transition to the 1483.4-keV 4+ state is facilitated
through a small wavefunction component that is not in
common between the two Kπ=4+ bands.

B. 160Eu Configuration

Hartley et al. [3, 4] proposed a configuration for the
ground-state of 160Eu to be π5/2[413] ⊗ ν5/2[523], with
the β-decay to the 1999.0 keV state in 160Eu understood
to be a ν5/2[523] → π5/2[532] transition [3]. This is
indeed the assignment that one would naturally expect
based on systematic trends and firm spin-parity assign-
ments in neighboring odd-A nuclei. However, based on
the observed β-decay intensities, γ-ray transitions and
the knowledge that the 1999.0-keV state in 160Gd has
positive parity, the high-spin β-decay of 160Eu is not eas-
ily understood. We discuss two possibilities here, nei-
ther of which can be conclusively confirmed nor rejected:
(i) the parent state in 160Eu has negative parity and

β-decays to a negative parity 6− state just above the
1999.0-keV state, or (ii) the parent is positive parity and
undergoes direct β-decay to the 1999.0-keV state.

Hartley et al. [4] suggested the possible presence of
a 6− state just above the 1999.0-keV state that is popu-
lated via β-decay and undergoes a highly-converted tran-
sition to the 1999.0-keV state. They did not provide any
evidence for or against this possibility, however. We put
the hypothesis of a 6− state around 2 MeV to the test.
We were unable to find any viable peaks in the conversion
electron spectrum for this transition, as all intense peaks
in the spectrum are associated with known transitions in
the de-excitation of 160Gd. Our lower bound for conver-
sion electron detection is around 20 keV. However, based
on the fact that we do not see an extended lifetime in
the β-γ-γ fast-timing, this theoretical highly-converted
E1 transition would require Eγ & 50 keV in order to
obtain B(E1) . 10−2 W.u. Given that all of the tran-
sition intensity from the 1999.0 keV would flow through
this transition, the intensity of the conversion electron
would be at least half that of the 75.3-keV 2+1 → 0+g.s.
transition. Based on this information, the L-shell line
of this the transition from this hypothetical 6− state to
the 1999.0-keV state should have been clearly visible in
the conversion electron spectrum; no such transition was
observed, however.

Additionally, we would have expected to observe the
conversion electrons of this transition in coincidence with
the 515.6-keV transition that depopulates the 1999.0-keV
state. At the same time, this transition would not be
seen in coincidence with the 490.7- and 560.8-keV transi-
tions that populate the 1999.0-keV state. By comparing
the γ-ray gated conversion electron spectra, this highly-
converted E1 transition should have been visible. We do
not see evidence of a conversion electron peak in the 515.6
keV gated spectrum that is not present in the 490.7- and
560.8-keV gated spectra. The comparison of the conver-
sion electron spectra are shown in Fig. 16.

A further scenario is that the hypothetical 6− state is
located at 75 keV above the 1999.0-keV state and the
highly-converted E1 transition is thus obscured by the
intense 75.3-keV 2+1 → 0+g.s. transition. If this were the
case, we would observe excess intensity in the 75.3-keV
γ-ray transition gated on transitions that depopulate the
1999.0-keV state when compared with spectra gated on
transitions that run parallel to the 1999.0-keV state. We
did not observe any excess γ-ray intensity in the 75.3-
keV transition in these spectra, which indicates that the
hypothetical 6− state is not located 75 keV above the
1999.0-keV state.

We thus have found no evidence supporting the sce-
nario of a hypothetical 6− state located just above the
1999.0-keV state in 160Gd that is heavily populated by
the β-decay of a negative-parity 160Eu parent.

We now discuss the option that the parent 160Eu has
positive parity and undergoes a direct β-decay to the
1999.0-keV (6+) state in 160Gd. In this case, the log(ft)
for the β-decay to the 1999.0-keV state is log(ft)=5.04(1)
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FIG. 16. (Color online) Comparison of γ-gated conversion
electron spectra in 160Gd. The presence of a highly-converted
transition from a 6− state just above 1999.0 keV would ap-
pear in the 515.6-keV γ-gated spectrum (blue) and not in
the 490.7- (red) and 560.8-(black) keV γ-gated spectra. No
transition is seen. Note that the 515.6-keV γ-gated spectrum
has been downscaled approximately 90% to match the back-
ground levels of the 490.7- and 560.8-keV spectra. See text
for more details.

which is an allowed β-decay from a Jπ= 5+ or 6+

parent state. Two possible configurations can reason-
ably be considered for the positive-parity parent: the
π5/2[532]⊗ν5/2[523] and π5/2[413]⊗ν5/2[642] quasipar-
ticle configurations, both of which can couple to create
Kπ=5+ states. The π5/2[532]⊗ ν5/2[523] configuration
involves proton and neutron orbitals that appear in the
vicinity of the Fermi surface in 160Eu. For example, in
159Eu, the 5/2+ ground-state is built on the π5/2[413]
orbital, while a 5/2− state built on the π5/2[532] orbital
lies only 190 keV above the ground-state [25].

Theoretical predictions for the band-head energies and
Gallagher-Moszkowski splittings [26] of relevant quasi-
particle configurations calculated using a quasiparticle-
plus-phonon model have been summarized in Ref. [27].
For 160Eu the calculations predict the π5/2[413] ⊗
ν5/2[523] quasiparticle configuration triplet and singlet
states to be the ground-state and at 17 keV excitation
energy, respectively. This is consistent with the sys-
tematic trends and the assignments made by Hartley
et al. [3, 4]. No calculations were included in Ref. [27] for
the π5/2[532] ⊗ ν5/2[523] configuration in 160Eu. It is,
however, noteworthy that in the lighter-mass europium
isotopes (A = 152, 154, 156) the calculations show the
π5/2[413]⊗ν5/2[523] configuration (among others) vary-
ing in energy on the order of 200 keV between isotopes.
In 152Eu, the π5/2[532]⊗ ν5/2[523] is actually predicted
to be lower than the π5/2[413]⊗ν5/2[523] configuration,
although the structure of 152Eu, a transitional nucleus,
is sufficiently different from the well deformed 160Eu to
draw any firm conclusions from this.

However, given that the experimental data suggests
a positive-parity β-decaying state in 160Eu, and despite

the fact that the π5/2[413] orbital is firmly assigned as
the ground-state in the adjacent 159Eu, one may consider
that the π5/2[532]⊗ ν5/2[523] configuration may lie at a
similar or lower energy than the π5/2[413] ⊗ ν5/2[523]
configuration in 160Eu. If that were the case, the β-
decay from the π5/2[532]⊗ν5/2[523] configuration would
be a ν5/2[523] → π7/2[523] allowed transition to the
previously-suggested π2(5/2[532], 7/2[523]) configuration
in 160Gd, forming the 1999.0-keV 6+ state. Ref. [22]
gives a prediction of log(ft)=4.8 for the ν5/2[523] →
π7/2[523] transition, which matches well with the ob-
served log(ft)=5.04(1). Nearby, the 159Sm β-decay into
159Eu is understood to be a ν5/2[523] → π7/2[523]
allowed-unhindered transition with a log(ft)=5.0 [25],
which matches the observed log(ft) value for the 160Eu
β-decay.

We also investigated if the available information on the
low-spin β-decaying state in 160Eu might provide further
insights on the question on the involved configurations.
The spin-triplet coupling of the π5/2[532] ⊗ ν5/2[523]
configuration would lead to a lower-lying Jπ = 0+ con-
figuration which could be a potential candidate for the
low-spin β-decaying state. The β-decay pattern suggests
a J = (1) assignment given the decays to states of spin
J = 1 and J = 2, which would indicate the presence
of a Newby shift [28]. The spin-triplet coupling of the
π5/2[532] ⊗ ν5/2[523] configuration would consequently
suggest a Jπ = 1+ assignment for the low-spin isomer in
160Eu. Ref. [4] suggested a Jπ = 0− or 1− (depending
on the presence of a Newby shift) configuration given the
strong β-decay to the (1−) 2464.8 keV state. We also
observe a strong decay to this state with log(ft)=5.29(1)
indicating an allowed decay.

The Alaga rules [29] can be used to estimate the β-
feeding intensity to the 160Gd ground-state and attempt
to constrain the spin and parity of the low-spin 160Eu
parent. For an initial 160Eu configuration of Ii = 1,
Ki = 0, the Alaga rules yield a β-feeding intensity of
approximately 22% to the ground-state of 160Gd. With
this, the dominant β-decay to the 2464.8-keV (1−) state
has log(ft)≈5.5. With instead Ii = 1, Ki = 1, a ∼52% β-
intensity to the ground-state is expected, and the log(ft)
to the 2464.8-keV state then becomes log(ft)≈5.7. In
both cases, when taking into account the ground-state
feeding, the log(ft) values indicate that the predominant
decay to the 2464.8-keV state is an allowed transition
with no parity change. However, since the (1−) assign-
ment of the 2464.8-keV state from Ref. [4] relied on the
proposed 1− assignment of the parent 160Eu, it is diffi-
cult to determine the parent state’s parity with certainty
using these considerations.

Our log(ft) values support a J = 1 assignment for
the low-spin isomer of 160Eu, but it is difficult to deter-
mine the parity of the state. The β-decay pattern and
observed log(ft) values are consistent with both a posi-
tive and negative parity assignment for the 160Eu parent.
While a Jπ=1+ assignment resulting from the unfavored
coupling of the aforementioned π5/2[532]⊗ν5/2[523] con-
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figuration with a Newby shift appears the favored solu-
tion given the experimental data, we cannot rule out a
Jπ=1− assignment resulting from some other unknown
nearby configuration.

Based on all the available information, no firm con-
clusions on the configuration of the β-decaying states in
160Eu can be given. The naturally expected negative-
parity configuration is in tension with the strong popula-
tion of the positive parity-state at 1999.0 keV in 160Gd,
which appears to be populated directly by an allowed
transition. At the same time, while a positive parity con-
figuration in 160Eu would naturally decay to the 1999.0-
keV state, it is not expected to be the lowest configura-
tion based on the established systematics in this region.
Further experimental and theoretical studies are needed
to resolve this issue.

C. Kπ=4+ Band-heads

The 4+ state at 1070.8 keV (the “4+I ” state) and the 4+

state at 1483.4 keV (the “4+II” state) are both band-heads

of Kπ=4+ bands. The band built on the 4+I state has
been recently extended up to angular momentum 18 ~ [8].
While the Kπ=4+ bands in even-even rare-earth nuclei
have been originally interpreted as double-γ phonons, it
was pointed out by Burke [7] that the experimental evi-
dence from transfer reaction studies and transition rates
is more consistent with these band-heads being hexade-
capole phonons.

As shown in Ref. [4], the Kπ=4+ states in 160Gd
seemingly break the isotopic trend of energies for the
Kπ=4+ states that are candidates for hexadecapole vi-
brational states. In that context, Hartley et al. [4]
suggested that the two Kπ=4+ states in 160Gd result
from the strong mixing of the lowest two Kπ=4+ two-
quasiparticle configurations, ν2(5/2[523], 3/2[521]) and
π2(5/2[413], 3/2[411]).

In the present work, we were able to establish several
additional pieces of information that can help shed more
light on the nature of the Kπ=4+ band-heads in 160Gd.
Figure 17 shows the part of the 160Gd level scheme rel-
evant for this discussion. It shows the low-spin parts of
the ground-state band, the γ-vibrational band, and the
two Kπ=4+ bands. The newly measured lifetimes of the
4+I and 4+II states are indicated as well as the transition
strengths in W.u. for the transitions depopulating the
two 4+ states. For the 822.2-keV 4+I → 4+gsb transition,

B(M1) and B(E2) strength are given for the two possi-
ble solutions of the mixing ratios. The B(M1) strength
for the 4+II → 4+I transition is 3.0(7) × 10−3 W.u. =

5(1)×10−3 µ2
N . For the 309.9-keV 4+II → 5+I and 1235.0-

keV 4+II → 4+gsb transitions upper limits for the B(M1)

and B(E2) strength are established using the assumption
of pure M1 or E2 character, respectively.

The most striking result is that the 4+II state decays

with collective E2 transitions to the 4+I and 6+I states

and that there is a weak B(M1) transition from the 4+II
state to the 4+I state. At the same time, both 4+I and

4+II states decay with non-collective E2 transitions to the
ground-state band. We also observe the decay from the
lower Kπ=4+ band to the γ-band with the transition
from the 4+I to the 2+γ state weakly collective in nature
with a B(E2) strength on the order of 1 W.u.

The newly measured enhanced B(E2) value between
the two 4+ states are consistent with a strong overlap in
wavefunctions of the two 4+ states. However, a strong
two-level mixing scenario for just the band-heads or the
first few states of the rotational bands seems to be at odds
with the interpretation that the rotational band built on
the 4+I state is dominated by the ν2(5/2[523], 3/2[521])
two-quasineutron configuration above spin 6 ~ [8], based
on the observed small B(M1)/B(E2) ratios. If only the
4+ band-heads were to be mixed strongly with an in-
teraction of V ≈ 200 keV, the rotational structure of
the band would be changed significantly near the band-
head due to the large energy shift of the 4+ state. At
a minimum, a strong expansion of the rotational se-
quence would be observed for the lower band and a
strong compression for the higher band. This is in-
compatible with the observed energy spectrum. Thus
the bands would have to mix strongly over a large spin
range so that the bands are shifted as a whole, or the
mixing has to be weak. However, a strong mixing sce-
nario of almost degenerate quasiparticle configurations
ν2(5/2[523], 3/2[521]) and π2(5/2[413], 3/2[411]) over a
large spin range seems to be inconsistent with the inter-
pretation put forward in Ref. [8] based on the alignment
and B(M1)/B(E2) ratios.

Weak mixing of the Kπ=4+ bands would only lead to a
few percent admixture of the higher band wave function
into the lower band. In order to reproduce the strong
B(E2) transition of ∼10 W.u. from the 4+II state to the

4+I and 6+I states, the deformation difference between the
bands would have to be of order ∆β ≈ 25%, which ap-
pears to be inconsistent with the deformations expected
for both two-quasiparticle configurations based on the
Nilsson diagram as well as the fact that the moment
of inertia of both bands seem almost identical near the
band-head, based on the energy differences of the 5+ and
4+ band members in each band.

While the simple two-level-mixing descriptions for the
band-heads are at odds with the experimental data,
quasiparticle-phonon nuclear model (QPNM) calcula-
tions actually provide a rather satisfactory description
of the data for the band-heads. QPNM calculation in
Ref. [30] predict the energies of the lowest two Kπ=4+

hexadecapole vibrational states (with > 90% purity) in
156Gd (1.5 MeV, 1.9 MeV), 158Gd (1.4 MeV, 1.9 MeV),
and 160Gd (1.1 MeV, 1.5 MeV), reproducing the ex-
perimentally observed trend quite accurately. The two
Kπ=4+ states in 160Gd at 1070.8 keV and 1483.4 keV
are thus not breaking a trend as suggested in Ref. [4] but
follow the theoretical predictions well, which take into
account the evolution of the underlying single-particle
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FIG. 17. Simplified level scheme showing the levels and decays associated with the Kπ=4+ and γ-bands in 160Gd. Line widths
indicate γ-ray intensities. B(M1) and B(E2) values are in units of W.u. Note that for transitions where the reduced transition
rate has asymmetric error bars, the larger of the uncertainties is used here; Table V contains detailed reduced transition rates
for these transitions.

structure in the isotopic chain. In all of these 4+ states,
the π2(5/2[413], 3/2[411]) and ν2(5/2[523], 3/2[521]) con-
figurations are dominant, although with changing relative
contributions.

The π2(5/2[413], 3/2[411]) configuration dominates the
lower 4+ wavefunction in 156Gd and 158Gd (supported
by (α,2n) [31] and (t,α) [32] data) with > 80%, the
higher-lying 4+ state is comparably dominated by the
ν2(5/2[523], 3/2[521]) configuration (supported by (d, t)
(unpublished data cited in Ref. [33]) and (d,p) [34] data).
In 160Gd, the situation is different because both 4+ states
have about equal admixture of proton and neutron quasi-
particle configurations [30].

Soloviev et al. [35] also calculated the transition
strength for the decay of the two lowest Kπ=4+, 4+

states in 156,158Gd and found B(M1) values from the
higher lying Kπ=4+ state to the lower one of 0.04 µ2

N
in both nuclei, reproducing the experimental branching
ratios for the decay of the 4+II states reasonably well. Un-
fortunately, there are no predictions available for 160Gd
and since the wavefunctions of the hexadecapole vibra-
tions are similar in 156,158Gd but significantly different
than in 160Gd, it is difficult to make an extrapolation.
However, Ref. [30] remarks that M1 transitions are
to be expected in the range 10−4 − 10−1 µ2

N . At the

same time the intensity of the M1 transition is generally
predicted to be dominating over the E2 intensity [35].
In the case of the 412.6 keV transition between the two
Kπ = 4+, 4+ states, the M1 intensity is 6(3) times larger
than the E2 intensity, in line with this prediction.

As pointed out by Burke [7], the hexadecapole na-
ture of these states is also indicated by Interacting Boson
Model (IBM) calculations involving a g-boson [36]. These
sdg-IBM calculations are also able to predict the energies
of the low-lying 4+ states in the even-even Gd isotopes
154−158Gd. The interpretation as hexadecapole phonons
for the 4+I,II states in 160Gd is also consistent with the

observed strong transition from the 4+I state to the 2+γ
state [7, 36, 37]. It should also be noted that inelastic
scattering data of 160Gd [38] required a strong hexade-
capole component to explain the observed cross-section
to the 4+γ state.

Analysis of the available experimental data appears to
support the Kπ=4+ band-heads as being hexadecapole
in nature and is less consistent with the interpretation
of these band-heads as being strongly-mixed quasipar-
ticle configurations. However, further theoretical inves-
tigations of the Kπ=4+ bands in 160Gd are required to
fully understand the extensive experimental data. Trans-
fer data could also help to experimentally elucidate the
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underlying quasiparticle structure of the 4+ band-heads.
The hexadecapole component for excitations into the γ-
band mentioned in Ref. [38] makes further inelastic scat-
tering data on 160Gd to measure the E4 strength to the
Kπ = 4+ of interest as well.

V. CONCLUSION

High-statistics γ-ray spectroscopy data following the
β-decay of 160Eu was carried out with the GRIFFIN
spectrometer at the TRIUMF-ISAC facility. Ten new
transitions and two new levels in 160Gd associated with
the β-decay of the high-spin β-decaying state in 160Eu
were observed, including two transitions from the lowest
Kπ=4+ band to the γ-band.

The lifetimes of the two known Kπ=4+ band-heads
in 160Gd were measured for the first time, and the ma-
jority of levels and transitions recently published were
observed. Based on the lifetime limit of τ < 100 ps for
the 1999.0 keV state in 160Gd as well as its decay pat-
tern, we conclude that it is a Jπ=(6+) state. However,
this raises questions as to the nature of the β-decaying
states in 160Eu, which could not be conclusively resolved.
Angular correlation measurements allowed the determi-
nation of mixing ratios for several transitions, in partic-
ular constraining the B(M1) and B(E2) strength for the
transition between the Kπ=4+ band-heads.

Overall, the energies and transition strengths between
the Kπ=4+ bands and the observed transition from the
lower 4+ band-head to the γ-band are consistent with
the two Kπ=4+ band-heads being interpreted as hexade-
capole phonons, as predicted in the Quasiparticle Phonon
Model. However, more detailed experimental and theo-
retical investigations of the structure of the band-head
and the rotational bands built on them will be required to
further scrutinize this interpretation. At the same time,
further experimental data, such as transfer cross-sections
and transition rates from inelastic scattering data, are
needed to clarify the underlying quasiparticle configura-
tions in these states.

ACKNOWLEDGEMENTS

The authors would like to thank the operators at
the TRIUMF-ISAC facility for providing the radioac-
tive beam. R.K. would like to thank R.M. Clark and
A.O. Macchiavelli for insightful discussions. This work
was supported by the Natural Sciences and Engineer-
ing Research Council of Canada (NSERC), the Canada
Research Chairs Program, NSERC Discovery Grants
No. SAP-IN-2014-00028, SAP-IN-2017-00039, and RG-
PAS 462257-2014, and the NSERC CREATE Program
IsoSiM (Isotopes for Science and Medicine). The GRIF-
FIN spectrometer was funded by the Canada Founda-
tion for Innovation (CFI), TRIUMF, and the University
of Guelph. TRIUMF receives federal funding via a con-
tribution agreement with the National Research Council
of Canada (NRC). This work was supported by the U.S.
Department of Energy (DOE) under contract no. DE-
FG02-93ER40789. The Tennessee Tech. University team
was supported by the Office of Nuclear Physics, U.S.
DOE under contract DE-SC0016988. P.H.R. was sup-
ported by the UK STFC via Grants No. ST/L005743/1
and No. ST/P005314. P.H.R. also acknowledges support
from the UK Government Department of Business, En-
ergy, and Industrial Strategy via the National Measure-
ment System. Figures 3, 6, and 17 were created using
the SciDraw package [39].

APPENDIX

Reduced transition rates derived from the measured
lifetimes and mixing ratios measured in this work are
given in Table V. Conversion electron coefficients were
applied when the multipolarity of a transition is known;
for transitions where the multipolarity is not known, the
lowest multipolarity conversion electron coefficient was
applied. Upper limits are given for transitions where no
mixing ratio was measured for the 1070.8, 1483.4, and
1581.9 keV states. For the 1999.0 keV state, lower lim-
its for the reduced transition rates are given based on
the measured lifetime of τ < 100 ps and assumed pure
M1/E2 transitions when no mixing ratio was measured.
The 515.6 keV transition values were calculated using
δ = 0.

TABLE V: Reduced transition rates for transitions from the 1070.8, 1483.4, 1581.9, and 1999.0 keV states
based on measured lifetimes and mixing ratios.

Level Lifetime Transition δ B(M1) B(E2) B(M1) B(E2)

(keV) (ps) (keV) (µ2
N ) (e2fm4) (W.u.) (W.u.)

1070.8 1630(130) 81.5 - - 330(110) - 6(2)

555.7 - - 8.1(5)× 10−2 - 1.6(1)× 10−3

822.2 −8.1+2
−183 5.7+5

−25 × 10−7 0.79+5
−7 3.2+3

−14 × 10−7 1.5(1)× 10−2

822.2 0.94+9
−8 2.0(2)× 10−5 0.38(4) 1.1(1)× 10−5 7.3(9)× 10−3

995.5 - - 0.19(1) - 3.7(2)× 10−3
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TABLE V: (Continued.)

Level Lifetime Transition δ B(M1) B(E2) B(M1) B(E2)

(keV) (ps) (keV) (µ2
N ) (e2fm4) (W.u.) (W.u.)

1483.4 97(22) 187.6 - - 950(230) - 18(4)

309.9 - < 1.3× 10−3 < 195 < 7.3× 10−4 < 3.7

412.6 0.41(10) 5(1)× 10−3 76+36
−20 3.0(7)× 10−3 1.5+7

−4

968.8 - - 0.5(1) - 9(2)× 10−3

1235.0 - < 3.0× 10−5 < 0.28 < 1.6× 10−5 < 5.4× 10−3

1581.9 160(20) 98.6 |δ| < 0.41 > 5.4× 10−2 < 2.0× 104 > 3.0× 10−2 < 300

286.2 - < 4.1× 10−3 < 7.2× 103 < 2.2× 10−3 < 13.9

408.5 - < 7.1× 10−4 < 62 < 4.0× 10−4 < 1.2

1999.0 < 100 300.2 - > 1.0× 10−4 > 16 > 5.6× 10−5 > 0.32

417.0 - > 1.1× 10−3 > 83 > 5.7× 10−4 > 1.7

450.4 - > 1.2× 10−4 > 8 > 6.4× 10−5 > 0.14

515.6 |δ| < 3.6× 10−4 - > 140 - > 2.7

605.7 - - > 1.0 - > 2.0× 10−2

737.8 - > 1.3× 10−4 > 3.5 > 7.3× 10−5 > 6.8× 10−2

825.7 - > 1.4× 10−5 > 0.3 > 7.9× 10−6 > 5.7× 10−3

1484.0 - > 3.0× 10−7 > 1.9× 10−3 > 1.6× 10−7 > 3.8× 10−5
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